New application of methods for monitoring cerebral blood flow and cerebral arteriovenous oxygen, glucose, lactate and ammonia differences are described. Results of trials of their validity in monkeys during experimental procedures are described. The apparatus includes infrared gas analyzers for monitoring arteriovenous differences after diffusion of nitrous oxide tiirough silastic, electromagnetic flowmeters for monitoring cerebral venous outflow, the Technicon apparatus for measuring arteriovenous differences for lactate, glucose and ammonia, and the Guyton analyzer for monitoring cerebral arteriovenous oxygen differences. Cerebral blood flow in the monkey measured by the nitrous oxide method was 61 ml/100 g brain per min, cerebral oxygen consumption was 2.8 to 3.35 ml/100 g brain per min, cerebral glucose consumption was 3.52 mg/100 g brain per min, cerebral arteriovenous lactate difference was 1.1 mg/100 ml, cerebral arteriovenous ammonia difference was 2 mg/100 ml. Inhalation of 100% oxygen, 5% CO 2 in air, 20% CO 2 in air and hyperventilation caused no change in cerebral oxygen, glucose, lactate, and ammonia metabolism. During anoxic anoxia, cerebral glucose consumption increased and cerebral oxygen consumption decreased significantly. During seizures, cerebral metabolic rate for oxygen increased. No important changes in ammonia metabolism were noted. It was concluded that it is feasible to apply these methods concurrently in patients with cerebrovascular disease before and after therapeutic trials.
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• To identify and possibly improve disorders of cerebral blood flow occurring in man, methods have been developed for measuring cerebral blood flow by the Fick principle without blood loss using nitrous oxide or hydrogen gas as indicators (1) (2) (3) (4) . The gases were measured as they diffused through thin plastic membranes from the arterial and cerebral venous blood. The blood was returned to the subject by a mechanical pump after the measurements. Saturation and desaturation curves for cerebral arterial and venous blood were automatically recorded by the use of infrared analyzers for nitrous oxide and hydrogen electrodes for hydrogen. Because blood loss was avoided, the nitrous oxide method (5) could be applied repeatedly to monkeys while simultaneous measurements were made of cerebral venous outflow using two electromagnetic flowmeters placed around the internal jugular veins after ligation of its extracerebral tributaries. After weighing the brain, the flowmeter values for cerebral blood flow were corrected to give values for ml/100 g brain per min; determinations by the two Circulation Research, Vol. XXI, November 1967 650 MEYER, GOTOH, AKIYAMA, YOSHITAKE methods were found to be in good agreement (1, 4, 6) . Methods were first developed in animals and later applied to man (3, 4, 7, 8) whereby cerebral oxygen utilization, pH and Pcoo could be monitored without blood loss. In the present communication, methods for monitoring cerebral glucose utilization, lactate production and ammonia metabolism (with minimal blood loss) will be described and a brief, description of experimental measurements in the monkey will be presented.
Methods
We monitored cerebral blood flow, oxygen, glucose, lactate and ammonia metabolism in 27 monkeys of the rhesus or pigtail species after they had fasted for 36 hr. Then we measured the effects of: inhalation of 100% oxygen, inhalation of 5% carbon dioxide in air, inhalation of 20% carbon dioxide in oxygen, hyperventilation, inhalation of 7% oxygen in nitrogen, inhalation of 100% nitrogen, occlusion of both internal carotid and both vertebral arteries and the induction of epileptic seizures by bemegride injection. These procedures were tested because they might clarify changes in cerebral metabolism measured in vivo during hypoxia, anoxia, increased cerebral functional activity, increased and decreased cerebral blood flow and respiratory acidosis.
We induced general anesthesia by ether inhalation supplemented after surgery by careful regional anesthesia with 1% xylocaine which was repeatedly infiltrated at all operative sites to prevent pain. During the recording, the animals were immobilized with 7 mg/kg of flaxedil. After tracheostomy and tracheal cannulation, respiration was maintained with a Harvard adjustable respirator. We reflected the sternomastoid muscles, exposed both internal jugular veins and ligated the cervical branches. The external carotid arteries were also exposed and ligated as were both external jugular and vertebral veins. Two electromagnetic flow probes (Model M-4001, 2channel apparatus, Medicon Division, Statham Instruments) with a lumen diameter of 2 mm were applied to each internal jugular vein (4, 6) and integrated rates of flow through both internal jugular veins were recorded on a Grass Model 5 polygraph and calibrated in milliliters per minute. Cerebral venous blood for monitoring cerebral metabolism was obtained from a catheter inserted into the torcula through the sagittal sinus. Cerebrospinal fluid (CSF) for lactate measurement was obtained by cisternal puncture and catheterization.
We monitored systemic blood pressure by a Statham strain gauge (Model P 23 D6) connected to a catheter inserted into the abdominal aorta through the femoral artery. End-tidal carbon dioxide tension of the expired air (P E co 2 ) was measured with a Beckman infrared carbon dioxide gas analyzer. The electroencephalogram (EEG) was recorded from both frontoparietal regions with bipolar electrodes by a Grass 4channel electroencephalograph.
In experiments in which cerebral metabolism of glucose, lactate and ammonia was recorded, the arterial and sagittal sinus catheters were connected to the sample tube of the Technicon autoanalyzer apparatus. By these means, cerebral arterial and venous values were recorded continuously with Technicon or Grass recorders.
In those experiments in which we measured brain and CSF lactate, 20 ml of 1% trypan blue was injected intravenously prior to death and the brain was examined by serial sections to see if there was damage to the blood-brain barrier which might be relevant to lactate movement between brain, blood and CSF.
Monitoring Cerebral Blood Flow
We measured cerebral blood flow by the automatic nitrous oxide method (1) in those experiments in which cerebral glucose metabolism was measured. In the remainder, cerebral blood flow was measured by the electromagnetic flowmeter method after correcting for the blood removed from the sagittal sinus for metabolic studies. For example, if arteriovenous oxygen difference was being monitored together with cerebral venous outflow, 2.9 ml/min, which was removed from the sagittal sinus, was added to the flow measurements recorded from both internal jugular veins. Values recorded of cerebral venous outflow with flowmeters applied to both internal jugular veins and values for cerebral blood flow measured in the monkey by the automatic nitrous oxide method correlated well with measurements of arterial inflow (6) .
Monitoring Cerebral Oxygen Consumption
We measured and recorded cerebral arteriovenous oxygen differences (ml O 2 /100 ml blood) continuously by the use of the Guyton arteriovenous oxygen analyzer (9) . Arterial blood and blood from the sagittal sinus were propelled at 2.9 ml/min through the two cuvettes of this apparatus and the blood was returned to the femoral vein. The apparatus was calibrated by the Van Slyke and Neill manometric method. The analyzer does not measure the oxygen dissolved in the plasma. While the monkey breathes air, the dissolved oxygen in its arterial blood ranges between 0.2 to 0.3 ml/100 ml or 1 to 1.5% Circulation Research, Vol. XXI, November 1967
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of the total oxygen content of the arterial blood. This value is sufficiently small to be considered negligible under normal circumstances. However, when the Po 2 of the blood is greatly increased, correction must be made for the oxygen dissolved in the plasma. This was done by assuming that the amount of oxygen dissolved in the plasma parallels any increase in Po 2 of the inspired air, increasing by 0.3 ml/100 ml blood for each increase of 100 mm Hg Po 2 . If the alveolar air did not increase to the levels of the inspired air or if there were atelectasis or shunts within the lung, then this assumption would be subject to error.
Monitoring Cerebrol Glucose Consumption
We recorded arterial and cerebral venous glucose levels continuously in milligrams per 100 ml by the standard Technicon autoanalyzer technique. The sample lines were connected to the arterial and cerebral venous catheters. The method requires that glucose be dialyzed from the blood through a membrane and be mixed with equal samples of potassium ferricyanide; these samples are separated in the tubing of the apparatus by bubbles of air. These are then propelled into a water bath and colorimeter. In the water bath the dialyzed glucose and reagent mixture is heated to 95°C, the yellow potassium ferricyanide being reduced to colorless potassium ferrocyanide in the presence of glucose. The decrease of the optical density of the yellow color is proportional to the glucose present in the blood. This color change is photometrically recorded on the graph using a 420-m/i, filter.
The flow of blood required for continuous measuring of arteriovenous differences is 0.32 ml/min. We calculated cerebral glucose consumption from minute to minute in milligrams per 100 g brain per minute from the product of cerebral blood flow and cerebral arteriovenous glucose differences. The reproducibility of the method is 1 mg/100 ml in the physiological range described in these studies. There was a time delay of 5 min required for pumping samples through the apparatus, mixing, dialysis, incubation and for the chemical reaction to take place. Once this was achieved, the time delay was constant at 20 sec between introduction of a solution of different concentration into the apparatus and the recording of the full value.
Monitoring Cerebral Lactate Metabolism
We monitored arterial, cerebral venous and cerebrospinal fluid lactate levels in milligrams per 100 ml by the enzymatic method of Hochella and Weinhouse (10) with some modifications. The sample volume was reduced from 0.60 ml/ min to 0.10 ml/min so that blood and CSF loss were reduced. Colorimeters were used to graph Table 1 . "The large standard deviations for all glucose values are due to a wide distribution of the initial blood sugar levels in fasting monkeys.
concurrently levels of lactate in the CSF as well as arterial and cerebral venous blood. The reproducibility of the method was 0.1 mg/100 ml using calibration test solutions of known lactate content at the beginning and end of the recording; the stability was within 0.1 mg/100 ml per hr. The initial time delay of the system was 12 min for dialysis and completion of the chemical reaction. Once this is achieved the time delay was constant at 50 sec between introduction of a solution of different concentration and the recording of the full value.
Monitoring Cerebral "Blood Ammonia" Metabolism
The method for monitoring arterial and cerebral venous "blood ammonia" depends upon the phenol-hypochlorite reaction (11) modified for the autoanalyzer according to the method of Logsdon (12) . The principle of the method requires that the blood be rendered alkaline by a sodium carbonate solution. This converts ammonium ions into gaseous ammonia which is dialyzed into an alkaline phenol solution; this is mixed with hypochlorite. The resulting color reaction is recorded photometrically with a 620m/x filter and expressed as milligrams per 100 ml of blood. In this laboratory, in vitro testing with calibration solution gave standardization curves similar to those reported by Logsdon (12) . Aspartic and glutamic acids, phenylamine, glycine, arginine, cysteine and urea gave only slight reactions for ammonia within the limits of the reproducibility. We concluded in agreement with Logsdon (12) , that any error caused by amino acids (13) would be sufficiently small to be neglected in the studies reported here. Nevertheless, it is more accurate to define the measurement as "blood ammonia." In any event, even if the above assumption is wrong, the measurement gives information relevant to cerebral amino acid and ammonia metabolism. For the determination of ammonia, there was a time delay of 5 min comparable to that for the glucose measurement but the lag time was longer, being in the order of 60 sec.
Whenever an experimental change was made from the steady state, such as the inhalation of a gas or the injection of a drug, the point was marked on the records of the metabolic variables being measured. The time delay and the lag time for each channel was measured at the beginning of each experiment and the time marker was moved forward on the chart to correct for these delays on each channel. This was always done before any calculations of cerebral blood flow and metabolism shown in the tables were made MONITORING CEREBRAL BLOOD FLOW AND METABOLISM or the illustrations shown in the figures were photographed.
Results
The results are shown in Tables 1, 2, 3 and 4. Table 1 summarizes data for cerebral blood flow, glucose, lactate and ammonia metabolism. The data for steady state and experimental values for cerebral oxygen consumption (Table 4 ) from a larger series of similar experiments will be reported in detail elsewhere (14) , but will be reviewed briefly in the Discussion.
Effect of Occlusion of Both Carotid and Vertebral Arteries
The most effective method found for producing ischemia of the brain without systemic anoxia was by simultaneously occluding both carotid and both vertebral arteries in the neck ( Table 2 ). The greatly reduced residual cerebral blood flow (by way of the collateral circulation) cannot be measured satisfactorily by the nitrous oxide method but was measured successfully by the electromagnetic flowmeters on the internal jugular veins in 3 animals. The number of minutes of occlusion was correlated with any staining of the brain by trypan blue to estimate any damage to the blood-brain barrier. After 2 min of ligation, flattening of the EEG occurred but the blood-brain barrier was not altered; if the vessels were occluded for 3 min or longer, damage to the blood-brain barrier resulted. The increase in cerebral venous lactate occurred whether or not there was damage to the blood-brain barrier.
Effect of Seizures Induced by Intravenous Injection of Bemegride (Megimide)
After bemegride injection, the EEG showed typical epileptic spike activity as a result of this convulsant drug ( Table 2 ). The monkey was immobilized with flaxedil so that any effect of the drug on muscular contraction and muscle metabolism could be ignored.
Monitoring Cerebrol Arteriovenous and Cerebrospinal Fluid Lactate Differences
Continuous recording of cerebrospinal fluid lactate with arterial and venous lactate was Table 2 During:
Effects of Hijpoglycemia on Cerebral Blood Flow and Glucose Metabolism during Same Procedures as Those in
Inhalation 5% CO., in air (4) Hyperventilation (4) Inhalation 7% O., in N,
Bemegride, 50-100 mg intravenous injection found to be technically difficult because of the small volume of CSF in monkeys. Satisfactory data were obtained in 5 animals but the CSF data for the numerous procedures tested were insufficient for statistical analysis. Inhalation of 100% oxygen resulted in small decreases of lactate in arterial and cerebral venous blood and CSF without change in the EEG.
Inhalation of 5% carbon dioxide plus air caused, if any change, parallel but minimal increases of arterial and cerebral venous lactate as shown in Figure la . The CSF lactate, in contrast, showed a large decrease of 19% Circulation Research, Vol. XXI, November 1967 which reached a minimum 2 min after discontinuing inhalation of 5% carbon dioxide.
Inhalation of 20% carbon dioxide and oxygen caused no change in arterial and cerebral venous lactate but CSF lactate decreased by 36% as shown in Figure lb . When inhalation of 20% carbon dioxide was discontinued, CSF lactate increased from 27 to 47 mg/100 ml and arterial and cerebral venous lactate also showed increases. These changes occurred with slight slowing and reduction in amplitude of the EEG.
Passive hyperventilation caused an increase of 24% in arterial and cerebral venous lactate.
Lactate levels in the CSF temporarily decreased during hyperventilation but showed a delayed increase after hyperventilation was discontinued. As shown in Figure lc , the EEG showed slowing during hyperventilation.
Hypoxia was induced by inhalation of 7% oxygen in nitrogen. This resulted in slight increases in arterial and cerebral venous lactate while CSF lactate decreased. The EEG was not altered.
Anoxia was induced by inhalation of 100% nitrogen as shown in Figure Id . Arterial and cerebral venous lactate showed abrupt and large increases while CSF lactate decreased and then showed a sluggish increase to above baseline levels. The EEG showed slowing followed by temporary flattening of the record with recovery as anoxia was discontinued.
Ischemic anoxia limited to the brain was induced by temporary occlusion of both carotid and vertebral arteries (Fig. le) . The EEG became flat. During cerebral ischemia, there was a prompt increase of arterial and cerebral venous blood lactate by about 60% while the cerebrospinal fluid lactate decreased followed by a sluggish rise to above baseline levels.
Epileptic seizure activity was induced in the EEG by the intravenous injection of bemegride (Fig. If) . Arterial and cerebral venous blood lactate rapidly increased by about twofold after the seizure. Cerebrospinal fluid lactate decreased at first and then increased after a delay to levels comparable to the increase in the blood. When bursts of spike activity appeared in the EEG, CSF lactate showed fluctuating increases with each burst.
Discussion
The results of the experimental trials of these methods for measuring cerebral blood flow, glucose, oxygen, lactate and ammonia metabolism in the monkey are consonant with known steady state values and reported changes induced in vivo and in vitro by the types of experimental procedures examined.
Steady state values for cerebral blood flow in the monkey of 61.2 ml/100 g brain per min, measured by saturation and desaturation curves using the automatic nitrous oxide method, are in good agreement with previously reported values of 55.4 ml/100 g brain per min calculated from bubble flowmeter measurements of internal carotid artery flow in monkeys (15) . The values are also reasonably comparable with steady state values of 54 ml/100 g brain per min reported in normal young men (5) .
Cerebral oxygen consumption in the present series of experiments is discussed in detail elsewhere (14) . These values for the steady state are also comparable to those reported for man (5) . Cerebral metabolic rate for oxygen was not significantly altered during hyperventilation or respiratory acidosis but was significantly depressed during anoxic anoxia, ischemic anoxia, and during the isoelectric phase of the EEG following prolonged seizure activity. During the seizure discharge itself, the cerebral metabolic rate for oxygen was greatly increased.
Mean arterial and cerebral venous ammonia-nitrogen values were both slightly higher than values reported in man; this may be due to the method used for ammonia determination. Lactate values were comparable to those found in man (16) (17) (18) .
During inhalation of oxygen, there was no change in cerebral metabolism.
Inhalation of 5% carbon dioxide in air increased cerebral blood flow but did not significantly alter cerebral glucose consumption, although the concentration of glucose in both arterial and cerebral venous blood increased slightly. The cerebrospinal fluid lactate decreased during 5% carbon dioxide inhalation despite increases in blood lactate. The statistically significant increase in cerebral venous ammonia-nitrogen is possibly attributable to increased cerebral blood flow since some ammonia-nitrogen appears to be consumed by the brain in the steady state.
Respiratory acidosis during inhalation of 20% carbon dioxide in oxygen caused large increases of cerebral blood flow. Cerebral oxygen, glucose and lactate metabolism were not changed as the EEG slowed, possibly due to some effect of severe acidosis on the neu-ronal membrane. Although cerebral arterial and venous lactate did not change, cerebrospinal fluid lactate showed marked changes. During respirator^' acidosis, the CSF lactate decreased considerably. This decrease and that which occurred during inhalation of 5% CO2 could be attributed to several factors: (A) Acidosis of arterial, cerebral venous blood and the brain and CSF are all known to occur during inhalation of 20% CO 2 (19) . The glycolytic activity of the brain is very sensitive to changes in pH (20) . In the range between pH 6.8 and 7.8, Dominkos and Huszak (20) reported that aerobic lactic acid production increased in parallel with a rise in pH and decreased in parallel with a reduction in tissue pH. (B) Increased cerebral blood flow tends to wash out lactate from brain tissue and CSF and (C) cerebral lactate production could be reduced by the Pasteur effect as a result of better oxygenation of brain tissue. (D) Possibly changes in the blood-brain barrier and brain-CSF barriers brought about by increased tensions of carbon dioxide influence the movement of lactate.
Respiratory alkalosis resulting from passive hyperventilation caused a decrease in cerebral blood flow but no significant changes in cerebral oxygen and glucose metabolism during EEG slowing. The cerebral arteriovenous difference widened with a decrease of cerebral venous glucose levels. The lowest level of cerebral venous glucose during hyperventilation was directly proportional to the initial arterial glucose level, i.e., the lower the resting arterial glucose the greater the hypoglycemia of the cerebral venous blood during hyperventilation. This may account for the wellknown predisposition of hypoglycemic individuals to EEG slowing during hyperventilation. Arterial and cerebral venous lactate significantly increased as might be predicted from the observations of Huckabee during hyperventilation (22) who showed that such increases may be pH dependent. The CSF lactate increase was thought to be due in part to the effect of an alkaline shift in pH on brain and blood lactate levels (20) (21) (22) (23) (24) and in part to cerebral anoxia with a shift to Circulation Research, Vol. XXI, November 1967 anerobic glycolysis (20) . There was no significant change in cerebral ammonia-nitrogen metabolism during hyperventilation.
Hypoxic hypoxia resulted in an increase of cerebral glucose consumption of 86% which did not quite reach the level of statistical significance. This trend may indicate the beginning of a shift to anaerobic glycolysis as definitely occurred with nitrogen breathing, since glucose consumption is greater during anaerobic glycolysis compared to aerobic glycolysis required to supply the same amount of energy. Blood lactate values increased in arterial and cerebral venous blood as might be expected from the observations of Huckabee during hypoxia in man (25) . The CSF lactate first increased then decreased and finally showed a sluggish increase. The final persistent increase in CSF lactate was believed to be due to increased lactate production associated with cerebral anaerobic glycolysis.
Anoxic anoxia produced more remarkable changes than hypoxic hypoxia. Cerebral blood flow tended to increase, cerebral oxygen consumption was severely reduced, cerebral glucose consumption increased and arterial and cerebral venous lactate levels both increased. There was a delayed increase in CSF lactate. All these changes were considered to be compatible with a shift from aerobic to anaerobic glycolysis whereby cerebral oxygen consumption would be reduced, glucose consumption would increase and lactate would be released from the brain into the blood and cerebrospinal fluid.
Stagnant anoxia, limited to the brain by carotid and vertebral artery occlusion, resulted in a decrease of cerebral blood flow, cerebral oxygen consumption and cerebral venous glucose levels. The cerebral arteriovenous difference for glucose increased fourfold which was statistically significant. Cerebral venous lactate levels significantly increased and there was a significant increase in the cerebral arteriovenous lactate difference. Cerebrospinal fluid lactate slowly increased after an initial decrease. This pattern of change was believed
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CSF-LACT. to be compatible with reversible anoxic damage to cerebral neurones with reduction of aerobic glycolysis and increased anaerobic glycolysis with increased production of lactate by the brain. This resulted in an accumulation of lactate in cerebral capillary venous blood during almost total circulatory arrest followed by a rapid diffusion of large quantities of lactate into the CSF once circulation was restored.
EEG
Experimental epilepsy produced increases of cerebral blood flow by about two and onehalf times above resting levels as soon as the spike activity appeared in the EEG. This increase in cerebral blood flow was the greatest produced by any experimental procedure and exceeded that induced by inhalation of 203> carbon dioxide. Cerebral oxygen consumption increased during the spike phase but was decreased during the isoelectric phase of the E E C Cerebral glucose consumption significantly increased and cerebral venous arterial and lactate levels increased. This pattern of change is compatible with an increase of both aerobic and anaerobic glycolysis during seizure activity. It is believed that lactate was released rapidly from the brain into the systemic circulation but it is possible that the systemic blood levels of lactate were also increased due to release of epinephrine and metabolic acidosis. Muscular contraction was blocked during the seizures so that lactate was not released by muscular contraction.
The cerebrospinal fluid lactate decreased at the onset of the seizures as cerebral blood flow increased and lactate tended to be washed out from brain. The later sustained increase of CSF lactate gave further support to the view that increased production and release of lactate by the brain into the CSF occurred during the seizures. In any event, the blood and brain lactate slowly entered into equilibrium with the cerebrospinal fluid.
The most remarkable cerebral metabolic changes occurred during isolated cerebral ischemia and experimental epilepsy. In both these conditions aerobic and anaerobic glycolysis were altered. In both conditions cerebral lactate production appeared to be in-creased with a release of lactate from brain into cerebral venous blood. The CSF lactate increase was delayed, however, suggesting that the CSF enters slowly into equilibrium with blood and brain (26) .
